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Abstract
We introduce mechanically reconﬁgurable electrostatically-driven photonic metamaterials (RPMs)
as a generic platform for large-range tuning and switching of photonic metamaterial properties. Here
we illustrate this concept with a high-contrast metamaterial electro-optic switch exhibiting relative
reﬂection changes of up to 72% in the optical part of the spectrum.
1. Introduction
Switchableandtunablemetamaterialsareexpandingresearchareasfueledbythedevelopmentofnanopho-
tonic all-optical data processing circuits, optical memory, smart surfaces, adaptable detection and imag-
ing systems and transformation optics devices [1]. So far control over metamaterial properties at optical
frequencies has been achieved by combining metal nanostructures with nonlinear materials, such as car-
bon nanotubes [2], or phase-change materials, such as chalcogenide glass [3] and vanadium dioxide
[4]. However, these existing approaches are not without problems as optical nonlinearities require high
intensities and phase transitions can be difﬁcult to control.
Recently, it has been demonstrated that far-infrared metamaterials can be reliably and reversibly con-
trolledbymicroelectromechanical(MEMS)actuatorsrepositioningpartsofspecially-designeddeformable
meta-molecules [5, 6].
Here we demonstrate that reconﬁgurable photonic metamaterials provide a ﬂexible platform for tuning
and switching of metamaterial properties in the optical part of the spectrum. We illustrate this concept
with a high-contrast metamaterial electro-optic switch operating in the telecommunications band from
1.3-1.7 ¹m.
2. Concept: reconﬁgurable photonic metamaterials
The properties of almost any metamaterial system strongly depend on coupling between metamaterial
resonators. Therefore tuning and switching of metamaterial properties will be achieved if the distance
between the metamaterial resonators can be controlled. This may be achieved by placing the meta-
molecules on alternating reconﬁgurable and non-reconﬁgurable support structures. Compared to existing
MEMS metamaterials for the far-infrared, this approach has two key advantages: (i) Being independent
of the speciﬁc meta-molecule design it is applicable to a huge range of metamaterial patterns. (ii) Thereis no need for reconﬁgurable elements on the size scale of the meta-molecules, which would be extremely
challenging to achieve for the optical part of the spectrum.
Reconﬁgurable support structures may be realized in the form of support beams with controllable spac-
ing. Here we will focus on electrostatic control, where the beam spacing is controlled via attractive and
repulsive electrostatic forces resulting from an applied voltage. However, we will also discuss alternative
schemes for thermal and electrothermal control of reconﬁgurable nanostructures at the conference.
3. Experiment: metamaterial electro-optic switch
An example of an electrically controlled reconﬁgurable photonic metamaterial is shown by Fig. 1. It
consists of 35 ¹m long silicon nitride bridges alternatingly covered with nanoscale “ﬁshscale”-shaped
plasmonic resonators and continuous gold wires. The entire structure was fabricated by focussed ion
beammillingfroma50nmthicksiliconnitridemembranecoveredbya50nmthickthermallyevaporated
gold layer. The bridges were separated by 125 nm gaps for electrical isolation and pairs of bridges were
alternatingly connected to two electrical contacts for electrostatic control of the device.
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Fig. 1: Metamaterial electro-optic switch. (a) “Off” state and dimensions. (b) “On” state. The scale bar
is 500 nm long.
A voltage applied to the metamaterial device leads to alternating attractive and repulsive electrostatic
forces between “ﬁshscale” and “wire”-bridges. At small voltages the electrostatic forces are in equilib-
rium with the restoring force of the elastic bridges, leading to only small displacements. However, as
the restoring force is proportional to the bridge displacement, while the electrostatic forces are inversely
proportional to the bridge separation, there is the threshold voltage where the electrostatic force over-
comes the restoring force. At the threshold voltage Uth =5.7 V the structure switches into a brige-pair
conﬁguration, compare Figs. 1(a) and (b), showing the “off” and “on”-states respectively.
Switching of the metamaterial state leads to dramatic changes of its optical properties. Fig. 2 shows
the metamaterial’s reﬂection characteristics relative to the “off”-state. Switching the metamaterial to its
“on”-state by applying a voltage above Uth increases its reﬂectivity by 72% in the telecommunications
band around 1.5 ¹m. This remarkably large change in reﬂectivity is linked to a resonant mode of the
coupled system of ﬁshscale structure and straight wires. The resonant properties of this system strongly
depend on coupling between neighboring bridges and switching the metamaterial to its “on”-state red-shifts the resonance by about 15% as the plasmonic structures are moved together by electrostatic forces.
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  Fig.2: Contrastbetween“on”and“off”statesofthemetamaterialelectro-opticswitch:(R¡Roff)=Roff.
4. Conclusion
In summary we demonstrate that reconﬁgurable photonic metamaterials provide a ﬂexible platform for
wide-range tuning and switching of metamaterial properties in the optical part of the spectrum. By plac-
ing nanoscale plasmonic resonators with useful functionalities on reconﬁgurable support structures their
interactions can be controlled, leading to tuning of their electromagnetic properties. Potential applica-
tions of this generic approach include electro-optic sensors, tunable spectral ﬁlters, switches, modulators
and any other planar metamaterial device where tunability is required or desirable. Speciﬁcally, we
demonstrate a metamaterial electro-optic switch providing large contrast (up to 72%) between its reﬂec-
tive “off” an “on”-states in the telecommunications band around 1.5 ¹m.
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